In the present study, we investigate the hemodynamics inside left atrium and understand its impact on the development of ventricular flow patterns. We construct the heart model using dynamic computed tomographic images and perform simulations using immersed boundary method based flow solver. We show that the atrial hemodynamics is characterized by a circulatory flow generated by the left pulmonary veins and a direct stream from the right ones. The complex interaction of the vortex rings formed from each of the pulmonary veins leads to vortex breakup and annihilation, thereby producing a regularized flow at the mitral annulus. A comparison of the ventricular flow velocities between the physiological and a simplified pipe-based atrium model shows that the overall differences are limited to about 10% of the peak mitral flow velocity. The implications of this finding on the functional morphology of the left heart as well the computational and experimental modeling of ventricular hemodynamics are discussed.
In the present study, we investigate the hemodynamics inside left atrium and understand its impact on the development of ventricular flow patterns. We construct the heart model using dynamic computed tomographic images and perform simulations using immersed boundary method based flow solver. We show that the atrial hemodynamics is characterized by a circulatory flow generated by the left pulmonary veins and a direct stream from the right ones. The complex interaction of the vortex rings formed from each of the pulmonary veins leads to vortex breakup and annihilation, thereby producing a regularized flow at the mitral annulus. A comparison of the ventricular flow velocities between the physiological and a simplified pipe-based atrium model shows that the overall differences are limited to about 10% of the peak mitral flow velocity. The implications of this finding on the functional morphology of the left heart as well the computational and experimental modeling of ventricular hemodynamics are discussed.
Introduction
The left atrium (LA) has a complex structure [1] [2] [3] ; the left pulmonary veins (LPVs), connected to the left lung, are positioned lower in the atrial cavity near the mitral orifice (MO) and the right pulmonary veins (RPVs) connected to the right lung are positioned higher with respect to the LA cavity. Additionally, there is a highly distensible and trabeculated muscular sac positioned near the MO, called the left atrial appendage (LAA) [1] . While the precise role of the LAA in the functioning of the LA is not clear, it is highly prone to clot formation in pathologies such as atrial fibrillation [4, 5] .
The complexity of the LA structure is complemented by its three-fold function during a cardiac cycle [2, 3, 6] . The LA acts as a conduit passage during early ventricular filling (E-wave) when the left ventricle (LV) passively relaxes and establishes a low pressure in its cavity. The atrial filling (A-wave) follows during which it acts as a booster pump forcefully delivering the blood into LV. During ventricular systole, the LA acts as a reservoir with blood from the pulmonary veins (PVs) when the mitral valve (MV) is completely closed.
The complexity of the atrial hemodynamics has been a subject of a number of studies in the past [5, [7] [8] [9] [10] . The flow pathways from the LPVs and RPVs differ significantly [7] . The inflow from LPVs forms a rotational loop and is associated with longer pathways towards the MO although, these veins are paradoxically located proximal to it; whereas, the inflow from RPVs is more aligned with the wall directly entering the MO [7] . Additionally, it is also conjectured that the velocity distribution in the atrial vortices might produce a better washing effect in LA and avoid intra-atrial flow stasis [7] . Given the importance of the LV functioning, the question on how the atrial flow patterns effect diastolic filling in the LV has also been brought up before. It was suggested that the asymmetric filling from the PVs generate sinuous asymmetric atrial flow pathways in the LA cavity [8] , which tend to preserve the blood momentum towards the valves during the cardiac cycle [8] . It was also surmised that the vorticity introduced into the LA cavity from the PVs is transported through the mitral valve downstream into the LV [10] and indicated that lack of such a vorticity transport model would produce similar ventricular flow patterns with or without the LA [10] .
The vast majority of cardiac computational models to date have been single-chamber models [11] [12] [13] [14] [15] [16] [17] [18] which have focused either on the left or the right ventricles [19] [20] [21] while the atria are modeled in highly simplistic ways. It is usual to replace the LA with a pipe or to mimic its presence by providing suitable time-dependent inflow boundary conditions [11] [12] [13] [14] [15] [16] . However, the impact of this simplification on the ventricular flow development is still unclear [21] .
Our primary objective is therefore to characterize the flow and vortex topology in the LA and to examine and quantify the effect of this flow on the diastolic LV flow patterns. A secondary objective is to use the results from the above analysis to determine, for studies that are focused on LV flow dynamics, the level of fidelity needed in modeling the LA. To meet these objectives, we create a left-heart model comprising the major chambers (LA, LV and Aorta (Ao)) using dynamic 4D CT data, while the MV is modeled based on previously reported prescribed kinematics approach [22, 23] using the leaflet angles measured from the present 4D CT data. We then perform blood flow simulations by solving the incompressible Navier-Stokes equations using immersed boundary method based solver that has been previously validated for these types of flows [24] [25] [26] . To realize our objec- tives, we compare the ventricular flow patterns and quantify velocity profile differences between the physiological model and a simplified model that includes only LV and Ao, with the LA being modeled as a simple pipe created by extruding the MO along its axis.
Methods 2.1 Geometric Left Heart Model
The heart model is based on a high-resolution 4D CT scan of an adult male (see Fig. 1A ). The scanner employed is Toshiba 320 Aquilon-One multi-detector scanner (Toshiba Medical Systems Inc.) with a voxel resolution of about 0.43x0.43x0.5 mm3 (512x512x280 voxels) and a temporal resolution of 0.06s (20 volume frames per cycle). Each of these volume images is subjected to filtering using median filter for noise reduction and thresholding for contrast enhancement [27] until the blood lumen is clearly distinguished from the tissue. Segmentation is then performed using the region growing algorithm [27] in commercial software (Mimics, Materialise Inc). The errors associated with image acquisition, processing and segmentation generate noticeable spurious variation in the volume-time curve (see Fig. 1C ) and a smooth spline is therefore fit through these points and then used for temporal interpolation between the key frames as described in the next section (Fig. 1C) .
The ejection fraction (EF=43%, see Fig. 1C ) of the present model is lower than the value of 55% considered typical for a healthy adult, but the current stroke volume (SV) of 90 ml is found to be within the normal range of 60-100 ml. Furthermore, the heart of the subject in this study was judged by the cardiologist to be functionally normal. Given the absence of any underlying cardiac pathology and the fact that atrial fluid dynamics is driven primarily by the stroke volume and not the LV ejection-fraction, it is expected that the lower than typical ejection fraction will not affect the primary observations and conclusions of the current study.
The mitral valve (MV) is a bileaflet atrio-ventricular valve that was recently shown to promote looping of the flow from the ventricular lateral wall to the septal wall [22] and also that the vortices formed on its leaflets assist LV filling [28] . Thus, any model attempting to predict ventricular flow patterns should include a sufficiently accurate representation of the MV. The MV morphology is based on earlier in vivo measurements [23] (see Fig. 1D ) and for the valve leaflet motion, we have employed a prescribed kinematics model [22, 29] in which the angles made by each of the leaflets with respect to the base of the mitral valve (θ AL , θ PL ) are measured from the CT data (see Fig. 1E ), and this angular deflection is smoothly distributed across the span of the leaflets [22] . Although the present model is simplified in both its geometry and motion, this approach has been shown to be a reasonable physiological representative that captures the key LV flow features [22] . Additionally, the velocity of the material points on the mitral valve leaflets was found to range up to 30 cm/s, which is within the range of physiologically measured values (¡40 cm/s, [30] ).
The outcome of image processing of 4D CT data is a set of triangulated surfaces for each of the 20 key frames over the entire cardiac cycle. However, since each key frame is processed independent of the others, the generated triangulated surfaces for the different frames do not maintain a conformal mesh topology across all the key frames; instead, each surface has different number of nodes and connectivity. Therefore, it is necessary to register each of these surfaces to a chosen template and create a smooth mapping across all the key frames (or targets) to be able to prescribe this moving surface as a boundary condition for the flow solver (see Fig. 2 ). We employ a diffeomorphic registration algorithm known as Large Deformation Diffeomorphic Metric Mapping (LDDMM) [31] that can conveniently support large deformations and further details on its implementation and underlying mathematics are provided in [32] . We have employed a similar registration procedure for the MV model as well because the MV is not fixed at one position; instead changes its configuration considerably during the cardiac cycle [6, 28, 33] .
In general, the temporal resolution of the cardiac CT, which is limited to about 20 frames per cardiac cycle, is not sufficient to directly perform numerical simulations of blood flow. Hence, we follow the generic procedure [10, 29, 34] to interpolate the triangulated surfaces in time after performing the LDDMM registration. We employ a periodic cubic spline interpolation of the position coordinates of these surfaces in time, which ensures continuity of both velocity and acceleration while retaining the periodicity of the cardiac cycle. The aorta is modeled as a rigid surface, and is allowed to move as per the dynamic CT imaging.
In order to investigate the effect of atrial flow patterns on the ventricular flow, we have created two different computational models-the first model comprises a physiological left heart model with all the major chambers-LA, LV, and Ao (left frame, Fig. 3A ) and in the second model, the LA is replaced by a pipe (right frame, Fig. 3A ) via outward extrusion of the MO along its axis. It is to be noted that both these models have the same MV model included as a part of the LV. Hence, we have two models under investigation with nearidentical topology and kinematics of LV and MV, with only the atrium being different. A zero gradient velocity boundary condition is provided at all the open boundaries such as the PVs for the physiological model, and at the pipe inflow for the simplified model. The outflow tract is fully closed during diastole and is opened using zero gradient velocity condition at outlet during systole for both these models; similarly, the mitral valve is fully closed during ventricular systole, thereby preventing any mitral regurgitation.
Hemodynamics Modeling and Flow Solver
Blood flow in the major chambers of the heart is modeled as Newtonian flow governed by the Navier-Stokes equations for unsteady, incompressible flows,
where, ⃗ u is the velocity vector, p is the pressure, and ρ and µ are the density and the viscosity of the blood, respectively. The equations are discretized using a secondorder, cell-centered, collocated grid arrangement of the primitive variables, ⃗ u and p on a non-body-conforming Cartesian grid. The motion of the moving bodies is treated using a sharp-interface immersed boundary method based on the multi-dimensional ghost-cell methodology (GCM) described in Mittal et al. [24, 25, 35] .
The heart model used here is discretized with 52,852 triangular surface elements while the MV is represented using 12,000 elements. The entire surface is immersed in a Cartesian grid of size 11.5cm x 9.5cm x 15.8cm covered by a total of 384x256x256 ( 25.2 million) cells (Fig. 3B) . The resolution is chosen based on previous computational studies where a thorough grid convergence study [15, 17] and validation [26] has been performed. The flow Reynolds number (Re) based on peak diastolic area-averaged mitral velocity and mitral annulus diameter is about 2420 while the Womersley number (Wo) based on mitral annulus diameter and cardiac cycle duration ( 1.2 sec) is 19. Simulations are performed on the Stampede high performance computing cluster (located at the Texas Advanced Computing Center) with 512 CPU cores for 3 cardiac cycles and the computation for one cardiac cycle takes about 3 days. The cycle-to-cycle variation of all computed average quantities is less than 5% and therefore, three cycles are considered sufficient for our analysis. Computed phase-averaged data along two orthogonal cross-sectional planes, (A-A) and (B-B) as shown in Fig.  3C , is then used for comparison between the two computational models (physiological and simplified). Figure 3C also highlights the various cross-sections (H 1 − H 12 ) along B-B plane used to compare the profiles of longitudinal component of velocity between the physiological and simplified atrium models.
Results

Atrial Flow Patterns and Vortex Topology
In this section, we describe the key features of the atrial flow patterns and vortex topology, especially with the aim of comparing them to previous data and to facilitate a deeper understanding of atrial vortex dynamics. The flows from the LPVs and RPVs exhibit very different behavior throughout the cardiac cycle (Fig. 4) . A complex looping of the flow ejected from the LPVs could be clearly identified whereas the flow from the RPVs forms a direct stream towards the mitral annulus confined between LPVs generated circulatory flow and the outer periphery of LA (Fig. 4) . While during diastole (Figs. 4A, 4C ), the flow from both the veins smoothly enters the mitral orifice when the MV is open; during systole when the MV is closed (Figs. 3B, 4D ), the flow from RPVs decelerates and forms an outer loop around the inner circulatory flow due to LPVs. These features were also described in earlier studies [7, 34] . Although not directly shown here, we have also detected flow reversal in the PVs during late atrial systole [34, 36] and a flow ratio of about 3:5 between the LPVs and RPVs throughout the cardiac cycle.
Interesting vortex dynamics are exhibited inside the LA cavity (Fig. 5 ) which was not well-understood earlier. As the atrial wall expands, four small vortex rings are ejected from the pulmonary veins (Fig. 5A ) and these are observed to propagate towards the center of the atrial cavity (Fig. 5B) which is in line with previous experimental measurements [9] . The propagation of these vortex rings brings them into direct interaction (Figs. 4B-D) with each other and this leads to a vortex breakup and dissociation into a number of dissipating small-scale vortex structures (Figs. 4E-F) . Collision of vortex rings at various inclination angles and their subsequent breakdown due to the non-uniform stretching and enhanced viscous dissipation has been studied extensively in the past [37] in a simplified experimental setup and it is interesting to observe this phenomenon occur in a realistic setting of LA. The complexity of the present case is further accentuated by the collision of four vortex rings emanating from the PVs. A complex flow due to the interaction of these vortices in the upper part of the LA has also been noted in the earlier simulations [34] . Vorticity annihilation between the vortex patches of opposite rotation is another key mechanism for the rapid diminishment of these vortices. The outcome of all these combined effects of collision, annihilation and enhanced viscous dissipation is that the coherent vortex rings generated by the PVs at the beginning of ventricular systole have mostly disappeared by the beginning of ventricular diastole. Thus, as the MV opens during diastole, we expect there to be little interaction in terms of convection of atrial vortices into the ventricle. Further discussion regarding atrio-ventricular vortex structures is presented in the following section. Figure 6 shows instantaneous vortex structures during the 3 rd cardiac cycle in the physiological model at the indicated time instants. As previously reported [14] [15] [16] 28, 34, 39, 40] , a vortex ring can be identified pinching off from the mitral leaflets during early diastole (Fig. 6A) and it propagates towards the lateral wall. At the same time, the LA, which acts as a passive conduit in this instance, is filled with vortex rings ejected from each of the PVs. Subsequently (Fig.  6B) , the diastolic ventricular vortex impinges onto the LV lateral wall and breaks up, giving rise to several small-scale vortex structures. During this same period, the vortices from the pulmonary veins in the LA interact with each other and disintegrate before being scattered in the atrial cavity. As the flow advances into the LV cavity towards the apex due to fluid inertia (Fig. 6C) , the atrial vortices are found to rapidly dissipate in the atrial cavity. By the end of diastole (Fig.  6D) , the atrial contraction produces distinct vortex rings in LA and also generates another strong vortex ring in the LV. The movement of the vortices from the anterior to the posterior wall suggests an overall clockwise flow pattern in the ventricular cavity, which has been observed by several investigators in the past [ 8, 11, 15, 22, 41-44] .
Atrio-ventricular Vortex Patterns
During ventricular systole (Figs. 6E-F) , the flow from the ventricle is ejected out into the aorta through the outflow tract as a highly transitional jet at high velocities. However, by the end of systole, the ventricular cavity is almost devoid of any vortical structures before the onset of the next cardiac cycle. On the other hand, the LA, which acts as a reservoir, is refilled with vortices from the pulmonary veins during ventricular systole. However, these vortices interact and dissipate towards the end of filling (as noted in the previous subsection, Fig. 5 ) following which, a fresh cycle is repeated. Figure 7 shows vortex structures in the ventricle of the second model with a pipe replacing the atrium, at timeinstants identical to that of Fig. 6 . Qualitatively, no major differences could be identified between the ventricular vortex structures in the two models despite the development of a complex three-dimensional vortical field in the LA of the physiological model. Figure 8 compares the intraventricular velocity field between the physiological model (Figs. 8A-C) and simplified model (Figs. 8D-F) . In agreement with the qualitative comparison of vortex structures (Figs. 6, 7) , no significant differences could be discerned from the velocity field comparison between the two models in the ventricular cavity not only at distinct time instants (Figs. 8A, 8D ) but also with respect to the time-averaged flow during diastole (Fig. 8B-C, 8E-F) . Further, it is seen that the velocity vectors in the LA align themselves along the mitral axis and converge smoothly towards the MV (Figs. 8A-C) and this effect is explored further in later sections.
Averaged Flow
As noted earlier, two distinct flow regimes can be identified in the LA (Fig. 8B ): a relatively lower velocity flow that smoothly loops from the LAA towards the MO and fills up most of the LA cavity; and the flow from the RPVs that enters the MO at a relatively higher velocity. Both these streams merge as they approach and accelerate through the MO. In contrast, the flow pattern in the pipe in Fig. 8E is in line with that of a pulsatile flow in a pipe; yet, the flow pattern near MO is quite similar to that observed for the physiological LA model (Fig. 8A, B) . This is attributed to the rapid increase in the flow velocity as LA narrows and streamlines the flow before entering MO with a fairly uniform velocity.
Velocity Profiles
In this section, we provide a more quantitative comparison of the hemodynamic data between the two models by computing the L 1 norm of the difference in longitudinal component of velocity between the two models along various transverse sections (see Fig. 9 ). The plots indicate notable differences in the flow velocity profiles inside the LA cavity and the region proximal to the MO. Among all the velocity profiles, H 1 records the highest deviation (14.3%) of physiological model with respect to the simplified model. This is attributed to the larger cross-sectional area of the physiological atrium at the level of H 1 than that of the simplified model where the cross-sectional area is same as that of the mitral annular area. Hence, a diffused velocity profile is found in the LA of the physiological model. However, as the flow is guided into a reduced cross-section at H 2 and H 3 , the flow gets streamlined and hence, catches up with that of the simplified model substantiated by the gradual reduction in the L 1 norm of the difference from 10.3% (H 2 ) to 4.2% (H 4 ). Eventually, both the profiles become almost indistinguishable at the mitral orifice (H 4 ) with a near-uniform velocity profile.
The difference in the velocity profiles decreases further as the flow is guided through the MO by the valve leaflets at H 5 and H 6 with each profile contributing to a normalized difference of less than 3%. The asymmetric alignment of the mitral leaflets, causing the anterior leaflet to have a lesser opening than the posterior leaflet, skews the jet towards the lateral wall (H 5 -H 7 ). After impingement, regions of reversed flow could be seen originating near the tips of the mitral leaflets (H 7 ) due to vortex ring and the mildly sharper peaks begin to diffuse across the section down into the ventricular cavity (H 8 -H 9 ) .
Subsequently, the flow decelerates and produces a diffused velocity profile that spreads towards the septal wall (H 10 -H 12 ). Although the velocity profiles nearly overlap at the level of the mitral orifice (H 3 -H 5 ), the same is not strictly reflected in the ventricular cavity which could be due to small local differences in the geometry and motion of the ventricle and the valves between the two models as a result of diffeomorphic mapping. Additionally, small perturbations introduced in the LA could gradually amplify and manifest themselves in the ventricular cavity due to the highly transitional nature of the flow. Nevertheless, the profiles exhibit a maximum difference of about 7% in the ventricular cavity despite the complex LA anatomy and the associated flow field. It is also noted that the maximum L 1 norm of the point-wise difference of each component of the velocity in the ventricle is only 10% of the peak mitral flow velocity (U p ).
Discussion
In the present study, numerical simulations have been used to understand the role of the atrial vortices and flow patterns on the development of diastolic ventricular flow patterns. Two distinct models are employed in this study: in the first model, medical imaging data is used to create a multichamber model of the left heart that includes LA, LV and Ao; whereas in the latter, the LA is simplified while the other chambers (LV and Ao) are retained. The simplification of LA involves outward extrusion of the mitral orifice along its axis to form a pipe through which the filling takes place into LV. As it is already proven that MV has a significant role on ventricular fluid dynamics [22, 28] , we include identical MV models in both these heart models. The MV models employed here are based on prescribed kinematics [22] using physiological data, which although not strictly subjectspecific, is still expected to be a sufficiently reasonable representative of the physiological MV.
The LV is arguably the most important chamber of the mammalian heart since it provides much of the pumping power that drives blood to the body and is also the component of the heart that is most susceptible to cardivascular disease. Consequently a vast number of experimental and computational modeling studies of the heart have focused on modeling LV hemodynamics [11-19, 21, 22, 34, 41, 45, 46] . In most of these models, it has been customary to model the LA as a simple pipe attached to the LV at the MO. Recent advances in medical imaging have expanded the scope of modeling intraventricular flows from simple canonical shapes to complex image-based flow modeling strategies and thus, provide an opportunity to explore atrio-ventricular hemodynamic interaction [10, 34] . Therefore, the study design that is employed here is well suited to understand the coupling between atrial and ventricular hemodynamics.
The simulations presented here were conducted on a high resolution Cartesian grid comprising about 25.2 million cells. Computed flow field has been visualized here using streamlines (Fig. 4) , three dimensional vortex structures (Figs. 5-7 ) and averaged velocity field along cross-sectional planes (Fig. 8) . It is noted that the ventricular flow field obtained here correlates well with previous studies. Firstly, a uniform plug flow profile is seen near the mitral orifice which has been described in the past [43, 44] . Secondly, a vortex ring is seen to be pinched off from the tips of mitral leaflets which propagates and impinges on the lateral wall. This has also been well established in the past [8, 10, 34, 40, 44, 47] . Subsequently, the vortex ring disintegrates and a circulatory flow pattern is produced in the ventricular cavity that sweeps the flow from the lateral wall along the apical region towards the septum [8, 10, 15, 22, 28, 40, 42, 48, 49] .
It is noted that the present simulations not only predict the ventricular flow that is consistent with the previous works but also predict the flow inside LA that is generally in line with clinical measurements. For instance, velocity measurements in the LA using 3D phase contrast MRI [7] indicated that the flow from superior RPV is confined between the LA cavity flow and the atrial wall while the flow from the LAA and the nearby LPV loops to enter the mitral orifice. These flow features are reproduced in the current study as well.
Vortex rings in the left atrium are primarily produced from the pulmonary veins in the upper part of the atrial cavity and these structures undergo mutual interaction leading to a complex flow field (Fig. 4-5) . The development of four vortex rings from each of the pulmonary veins at an angle to each other, circumscribed by a moving wall, leads to nonuniform stretching and breakup of these vortex rings producing a highly complex flow in the upper part of the LA [34] . This, coupled with vorticity annihilation and viscous dissipation, leads to a rapid decay of these vortices by the onset of diastole. The interacting vortex rings are also expected to enhance mixing inside the LA [7] which suggests that the unique morphology of the LA enhances mixing and avoids stasis in the atrium [7] . However, while the flow inside LA seems to promote mixing and washout, the rapid dissipation of the vortices leads to a highly regularized, nearly uniform flow through the mitral annulus.
The simulations indicate that the complex flow features in the atrium have an insignificant impact on the ventricular filling. 3D vortex structures (Figs. 6-7 ) and averaged velocity fields (Fig. 8) in the LV do not show any noticeable differences between the simplified and the physiological atrium models. Velocity profiles plotted along B-B plane (Fig. 9 ) and global velocity differences in terms of the L 1 norm indicate that the maximum difference in the velocities between the two models is about 10% of U p . This is in contrast to the observations of Mihalef et al. [10] who indicated that vorticity is introduced in the PVs and transported through the mitral orifice into the LV cavity. They further surmised that not accounting for this vorticity transport would produce similar LV flow patterns with or without the presence of LA. However, in the present study, we demonstrate, using a study design that is more suited to understand the effect of LA flow patterns on LV hemodynamics, that such a transport model is not necessary. This is because most of the vorticity that is introduced in the LA is dissipated and does not survive the passage through the MO.
The above observations have important clinical implications; they indicate that the morphology and physiology of the LA is designed so as to promote mixing and washout but at the same time, generate a highly regularized flow at the mitral annulus. From the point-of-view of cardiac physiology, this implies that small changes in the LA dynamics would not cascade into the functioning of LV which is, arguably, the most critical element of the cardiac pump. This suggests a certain level of inherent robustness in the functioning of the left heart. Interestingly, significant variations in the number of pulmonary vein ostia have been detected in the general population [50] , and the current study suggests that such variations would not directly impact the LV hemodynamics. Additionally, the study also suggests that certain surgical procedures involving the LA such as LAA closure or LAA occlusion performed on patients with atrial fibrillation and LAA clots, likely will not induce significant alterations in LV hemodynamics as long as the functional features such as the atrial stroke volume and the timing of atrial contractions are unaffected. The robustness of the LV flow might, however, be affected by the presence of other significant ventricular or valvular pathologies in ways that are not predicted by the current study.
The second implication of the above observations is that simple models of LA should suffice in computational or experimental studies where the phenomenon of interest is related to the ventricle or anything downstream of it. In our own study for instance, we have found that the use of the simple pipe-shaped LA reduces computational cost by over 25% compared to the physiological LA. For experimental models, this also implies that significant simplification could be made in the modeling of the LA.
A recent study [22] has examined the effect of MV on ventricular flow patterns using a pipe-based LA model. By comparing the flow patterns between a model that includes MV and the one that does not, the study found that the valve produces significant changes not only in the filling velocity but also in the overall rotational motion, mixing and washout associated with the mitral jet. Coupled with the results of the current study, it may be concluded that the MV model is far more essential for accurate modeling of the ventricular flow than a physiological LA model.
In order to confirm this, we have considered a case where the MV is removed from the physiological model and simulations have been conducted for the blood flow in this no-valve model in exactly the same way as was performed previously for the with-MV model and the results compared in Fig. 10 . Clearly, significant differences in the ventricular vortex topology could be discerned after MV removal. The vortex ring is positioned closer to the MO throughout the cardiac cycle for the no-valve model and exhibits reduced penetration into the LV cavity similar to that observed in the past studies [14, 51] . This is because the flow is not constrained between the narrowing cross-section formed by the asymmetric leaflets and hence, does not accelerate to higher velocities sweeping the flow from the lateral wall to the septum.
We note finally that although the present model is based on 4D CT data that has direct clinical relevance and patientspecific attributes, the mitral-valve employed here is not patient-specific and does not account for fluid-structureinteraction. The kinematic valve model has, however, been shown to be a reasonable physiological representative that captures the key LV flow features [22] . Secondly, the LV model does not include surface trabeculae or papillary muscles on the ventricular endocardium since this significantly increased the preprocessing and simulation effort. However, while the trabeculae and papillary muscles do affect the LV flow [52] , this is not expected to significantly affect the key conclusion of the current study due to the use of a comparative study design that employs the same LV model for all the cases.
Conclusions
Numerical simulations have been used to elucidate the flow and vortex patterns in the left atrium and their effects on the dynamics of ventricular flows. The vortex topology in the left atrium is dominated by the generation and interaction of vortex rings from the four pulmonary veins. However, the vortex breakup and annihilation are observed to rapidly diminish the strength of these vortices. The flow pattern in the left atrium is characterized by a circulatory flow generated by the left pulmonary veins and a direct stream from the right-pulmonary veins to the mitral annulus. These patterns are in general agreement with previous studies [7, 9] .
Due to the rapid dissipation of the vortices in the atrium, the flow through the mitral valve during ventricular diastole is highly regularized and a comparison of the physiological and pipe models of the left atrium shows that the overall differences in the ventricular flow velocity between the two models is limited to about 10% of the peak mitral flow velocity. This suggests that the morphology and physiology of the left atrium is designed so as to enhance the robustness of the hemodynamics of the left ventricle to the dynamics of the left atrium, and this has clinical implications for pathologies, as well as surgical therapies involving the left atrium. This also implies that significant simplifications can be made in computational and experimental models that are focused on investigating ventricular hemodynamics.
